• Diagnosis of infant neurological development.
a b s t r a c t
Multidimensional diagnosis plays a central role in infant developmental care, which leads to the prediction of future disabilities. Information consolidated from objective and subjective, early and late, central and peripheral data may reveal neuro-pathological mechanisms and realize earlier and more precise preventive intervention.
In the current study, we retrospectively searched correlating factors to the following neurological and behavioral development of 'Head Control' and 'Roll Over' using multivariate correlation analysis of different diagnostic domains over age, subject/object information of the patients who were previously admitted in our neonatal intensive care unit (NICU) and could be developmentally followed up in our outpatient clinic. Based on the hematologic and biochemical data, MRI brain anatomy during NICU hospitalization, we characterized all the acquired data distribution from 31 infants with either 'appeared neurologically normal (ANN, n = 21)' or 'appeared neurologically abnormal (ANA, n = 10)' pro tempore, with a physician's clinical judgment before discharge. Besides single factor comparisons between ANN and ANA, we examined their development difference by using the multidimensional information processing, principal component analysis (PCA). The diagnostic predictors of neuro-behavioral development were selected by regression analysis with variable selection. It resulted that hematological and brain anatomical factors seemed correlated to both 'Head Control' and 'Roll Over'. This report suggested certain possibility of the cross-domain translational approach between subjective and objective developmental information through multivariate analyses, with candidate markers preliminarily to be evaluated in further studies.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
Introduction
Multidimensional diagnosis including subjective comprehension plays a central role in any clinical field and also leads to empirical prediction of future disabilities infant developmental care. The neuropathological mechanisms that should be bridged between endophenotypes and molecular, physiological and anatomical biology are mostly still unclear due to human complexities. Recently, multidimensional clinical data became available at a reasonable cost. Some examples are whole exome, microbiome, and metabolome analyses. If the existing clinical objective data are effectively organized and lead to some novel information [1] [2] [3] [4] [5] , it may support earlier diagnosis and take an initiative for the effective intervention to support infants' development. From these, we attempted to apply a heterogeneous information processing in the way of a multivariate correlation analysis that we have evaluated for neuropsychiatry and developmental brain science among human and model animal researches [6] [7] [8] [9] [10] [11] [12] . The cross-species behavioral study has revealed the common process of sensory-motor and emotional development between human infants and animals [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] and led to our understanding of multi-layered neuropsychological networks especially in affective and cognitive development [20] [21] [22] [23] . Bottom-up and top-down information flowing in the brain networks may express the mutually interrelated physiological and behavioral outputs in social context and developmental stage, which is possibly well captured by the multi-domain analysis.
In this current report, our aim was to retrospectively search candidate predictive markers of developmental delay among infants who were previously admitted in the neonatal intensive care unit (NICU) and could be developmentally followed up in our outpatient clinic. Based on the hematological and biochemical data used to diagnose the condition of the infant's organs during admission in NICU, 1.5 T MRI brain anatomy, birth weight, as objective data and generic diagnosis including neonatal standard assessments, Apgar scores [24] , we characterized all the 31 infants' data distribution acquired upon admission and before discharge with view of the clinical condition, either 'appeared neurologically normal (ANN, n = 21)' or 'appeared neurologically abnormal (ANA, n = 10)', and decided whether medical assistance is needed or not, based on the physician's clinical impression. After characterizing the data by single comparisons between ANN and ANA, we intensively attempted to visualize mutual correlating structures in all the factors with multidimensional information processing, principal component analysis (PCA) to seek marker candidates for developmental delay. The results represent positive and negative correlation in any kind of polystichous factors as clustering of radial factor loading vectors and variance approximated ellipses of each sample group in a few chosen PCA component coordinates. In the multivariate analytic visualization, we focused on the factors of the infant's phenotype of reach time points such as delay of Head Control and Roll Over emergence. Based on the data at the time of birth and discharge from NICU, we utilised hematologic and biochemical data and as only the developmental data around discharge of NICU, brain anatomical distance acquired in T1-weighted MR images was included. Furthermore, we evaluated a crucial clinical marker as a newborn time point, umbilical-arterial-pH by the similar multivariate correlation analysis. These heterogeneous and three time-point data were visualized using their complex correlated structure into a summarized projection coordinate that could be translated not only objective information but together the meaning of subjective judgment by objective explanation statistically.
Patients and methods

Patients
This study was performed in accordance with the tenets of the Declaration of Helsinki and was approved by the Institute Review Board of Saitama Medical University . The clinical data were collected from the medical records of infants who had been admitted to our NICU from January 2011 to June 2012, and followed up at the outpatient clinic of our hospital. Hematological and biochemical data of newborn were taken at the birth and the day of discharge. The comorbid disorders (ANN, ANA [%]) of the infants were neonatal asphyxia (24, 40) , respiratory distress syndrome (14, 10) , Transient tachypnea of the newborn (33, 20) , neonatal jaundice (2,0), fetal growth restriction (10, 20) , chromosome abnormality (0,20), patent ductus arteriosus (5, 10) , infection (5, 20) as ones of larger ratio under overlap allowed.
MRI data acquisition
T1-weighted images of axial (TR: 1000 ms, TE: 15 ms) and sagittal (TR: 1000 ms, TE: 13 ms) were acquired from 38 to 42 weeks' postconceptional periods, using 1.5 T MR scanner Sonata (Siemens, Germany). Most of the section thickness was 5 and 3 mm, FOV was 170.62 × 210 mm and 183.75 × 210, and matrix was 416 × 512 and 448 × 512, respectively. Two authors (M.K., H.Y.) reviewed all images and evaluated the biometric analysis data. Linear measurements of the cerebral structures were made manually using the diagnostic console of Image J (NIH) software. The diameter between the frontal and occipital poles (anterior-posterior: AP), the distance from the midbrain-pons junction to the each pole (A, P), and the distance from the midbrain-pons junction to the cross point between cerebral surface and the line passing the midbrain-pons junction and vertical to the horizontal line to the anterior cranial fossa (dorsal-ventral: DV) on the sagittal section. Measurements were also applied on the minimal distance between the midbrain-pons junction and the frontal lobe surface (DV diagonal) on the midsagittal section. Additionally, measurements were done on the maximal diameter between bilateral parietal lobes as well as maximal distance between unilateral parietal lobe and cerebral falx on the axial section. Developmental data of Head Controlling and Roll Over were acquired from the medical records of the outpatient clinic.
Statistical analysis
A simple comparison between two sample groups was performed using the Student T-test, one-tailed, homoscedastic type, on Microsoft Excel.
To integrate and visualize any correlation in extracted factors from 24 dataset of factors (Table 1) , we used PCA based on a correlation matrix using a Microsoft Excel base free software distributed by Yasunori Nakano (http://211.13.211.3/soft/winnt/ business/se412290.html). The factor loadings (FL) vector of parameter was a product of the eigenvector and square root of eigenvalue. The variance ellipses whose long and short axes were defined as the first and second components of the second PCA by variance-covariance matrix and multiplied by the square root of the eigenvalue using the group data set. The segregation of the PCA score of ANN and ANA was statistically tested using Wilks' lambda. The diagnostic predictors of the neuro-behavioral development were extracted by linear regression with variable selection. Because the data is of limited size, we adopted the model selection criteria of AIC with finite correction, AICc [25, 26] .
Results
Difference of hematological and biochemical factors between two neurological groups
We classified the hospitalised infants into two groups, ANA and ANN groups based on the standpoints of clinical care, and compared hematological and biochemical factors with each other ( 5-6 corrected gestational months, respectively. We found the significant delay in these milestones (Head Control: p = 0.037, Roll Over: p = 0.004) in ANA (Fig. 1a) . On the other hand, gestational age and birth weight were not different between ANN and ANA based on the averaged value. Apgar scores at both 1 and 5 min were significantly different (1 min: p = 0.0003, 5 min: p = 0.020) (Fig. 1b) . Significant differences between ANN and ANA were seen in the hematological and biochemical factors, white blood cell numbers at admission (WBC admission) (p = 0.044), aspartate aminotransferase (AST) admission (p = 0.010), lactate dehydrogenase (LDH) admission (p = 0.007), direct bilirubin admission (p = 0.024), and the difference ( Fig. 1c and d) . Some factors indicating liver functioning, like AST, LDH, and creatinine, were significantly more varied from admission to discharge in ANA (delta AST: p = 0.006, delta LDH: p = 0.004, delta creatinine: p = 0.005), mainly because of the corresponding high value at admission (Fig. 1d) . In fact, the values around the time of discharge were not significantly different (data not shown).
MRI brain imaging at full-term stage
Both ANN and ANA infants were measured for T1-weighted MRI brain imaging at their full term (Fig. 2) . As the first step to introduce MRI imaging to search candidate marker for predictive diagnosis, we extracted several metrics from the MRI data as described in Fig. 2 . Since no standard brain coordinate is available especially for a mongoloid full-term infant, we narrowed down our analysis to be reliable enough for particular brain slices, specifically, the largest axial plane (Fig. 2a left) and the midline sagittal plane (Fig. 2a  middle and right) . We compared several MRI metrics between ANN (Fig. 2b, white) and ANA (black) and found a significant difference in the distance of right and left hemisphere (RL) on the axial plane and AP, DV, and DV diagonal distance defined on the sagittal plane (Fig. 2b) , suggesting the difference of brain development between them.
Statistical correlation analysis among neurological markers, hematological factors, and MRI imaging
Neurological markers used as a clinically practical standpoint were based on the empirical judgment and not quantitative criteria. Thus, we tried to find an objective correlation in multivariate analysis first, and then evaluated the correlation between the subjective markers (Apgar 1 min and 5 min, Head control, Roll Over) and other quantitative factors, like hematological and biochemical factors and MRI imaging metrics. The parameters listed in Table 1 were computed for both ANN and ANA infants and combined as a correlation matrix for principle component analysis. Table 1 shows the sixth most contributed PCA component results with almost 80% of cumulative contribution ratio and Fig. 3 shows the most multivariate correlated projection by the first and second components coordinate.
PCA scores of each parameter were listed in Table 1 and the absolute value of the score larger than 0.5 was emphasized through the shadowing. These major parameters were depicted as factor loading vectors whose length means correlation coefficient visualizing the correlation among the parameters (Fig. 3a and c) . In the vector map, the origin is the average value of each parameter and the length is the absolute value of the statistical correlation listed in Table 1 . Finally, the angular position of the vector is defined by the PCA scores used for the mapping, in Fig. 3a , the x-axis is the first component of the PCA score and the y-axis is the second component of the PCA score. The higher correlation is between two parameters in which the closer angular two vectors position themselves. The reciprocal correlation is expressed as anti-angularity, that is, two parameters are taking the opposite directions. We first examined the correlation between parameters common to all the infants (total n = 31, ANN = 21, ANA = 10). Low Apgar scores at 1 and 5 min correlated with some of the hematological and biochemical factors, like direct billirbin admission, AST admission, and LDH admission. The delay of Head Control correlated strongly with WBC, but correlated weakly MRI metrics, PFC. On the other hand, the delay of Roll Over development correlated strongly with Brain AP and Brain DV diagonal. Next, we examined the correlation with the infants receiving Umbilical arterial pH test (n = 18, ANN = 11, ANA = 7) (Fig. 3c) . In this analysis, the delay of Roll Over correlated with lower Umbilical arterial pH. The delay of Head Control correlated with lower Apgar one and five minutes and weakly with higher direct Billirbin admission. The correlation between Roll Over and Head Control was weaker than that observed with all the infants' data (Fig. 3a) . Gestational Age and Birth Weight clustered with MRI metrics, but not with hematologic factors in either "all the infants (n = 31)" or "Umbilical pH infants (n = 18)".
We examined each distribution of either group ANN or ANA in the PCA projected coordinates by visualizing each infant data as a dot and approximated the ellipse distribution ( Fig. 3b and d) . Both of the results consistently represented that ANN and ANA were significantly separated in the PCA plane and the combination of neurological development markers, hematologic factors, and MRI metrics contributed to the segregation.
To extract the diagnostic predictors of neuro-behavioral development after neonatal care, we conducted regression analysis with variable selection. Because of the limited sample size, three sets of clustered variables in the PCA result of Fig. 3a were represented into 'Apgar 1 min' without 'Apgar 5 min', 'Brain RL' without 'Brain DV' or 'Brain L', 'AST admission' and 'LDH admission' without 'delta AST' or 'delta LDH' to avoid multi-colinearity.
Finally, six statistically selected variable (refer to the bold letters in Table 2 ) with 'Head Control' and 'Roll Over' were again performed with PCA and the factor loading map (Fig. 4) . This generally resulted into a pattern similar to the original (Fig. 3a) , as the two neurological development markers' indicate mutual clustering with Brain DV diagonal and AST admission.
Discussion
Cross-domain interplay approach for diagnostic support of neurological development
In the current study, we retrospectively described the analytic trial to comprehend multidimensional correlation structures between variable domains of diagnostic data over age-stage and different clinical fields such as neonatology, hematology, brain anatomy, neurology and behavioral development (Fig. 5) . Because Table 2 The selected predictors and their regression coefficients of neuro-behavioral developments. of the limited sample size, any acquired results cannot be generalised. This report, however, might certainly suggest possibilities to address complex developmental information including translation between superior but subjective empirical judgment and objective data by both simple and multivariate correlation analysis. In the current case, the delay of neurological development milestones, 'Head Control' and 'Roll Over,' were set as the target variables and were aimed to seek any explanatory factors correlated to them with higher-order structuralized visualization. The analytic process was designed four serial stages. Firstly, candidate variables were extracted in neonatology, hematology ( Fig. 1 ) and brain MRI anatomy (Fig. 2) by simple comparison between two groups 'ANN' and 'ANA' determined as general neurological condition at discharge by physicians' judgment. Secondly, general multivariate correlation was visualized in all the candidate and target variables by PCA with correlation matrix (Fig. 3) . The variables mutual correlation structure was suggested in the factor loading vector map and plots distribution of the first and second components' dimension. For the reason of our collectable limitation, two PCAs ( Fig. 3a and b (n = 31) and Fig. 3c and d (n = 18)) were independently attempted with each data set, including the same and different patients and variables. The results showed both similar and different aspects between two PCA, which would be considered effects of arbitrary variable selection for each analysis. Thirdly, the diagnostic predictors of neuro-behavioral development were extracted by regression analysis with AICc-based variable selection. The selected predictors of 'Head Control' and 'Roll Over' were partially different each other, which would imply different mechanisms between the two neurological development milestones. Finally, the six statistically chosen variables were re-assessed by PCA (Fig. 4) . The generally similar pattern to original Fig. 3a suggested under the validation that both age-dependent neurological development of antigravity function, 'Head Control' and 'Roll Over' in this report might have some common mechanisms to be influenced by blood aspartate aminotransferase at preterm birth (AST admission) and the thickness of frontal lobe (Brain DV diagonal) around discharge.
As the liable review of recorded age variation, each correlation coefficient of linear regression to age was confirmed low in 'AST admission' (R 2 = 0.073) and 'Brain DV diagonal' (R 2 = 0.235). Both of the neurological functions, 'Head Control' and 'Roll Over' are considered the mechanisms not only of motor regulation against gravity around head and the other body regions but also of sensory, cognition, reward systems, emotion and motivation neuronal circuits [27] . This cross-domain interplay approach [1, 2, 4, 5, 16] might suggest certain relevance of metabolic enzyme circulation at preterm birth and thicker frontal brain around discharge to the following complex neuronal circuit formation [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] .
Each of the emergent variable through the series of analysis
In this section, we discuss about each of the emergent variables in the current data-driven study, despite its limited sample size, as the supposed expansive relevance to the neurological and the other developmental background.
Lower Apgar scores correlated with higher hematologic and biochemical markers. Although Apgar score is a subjective marker, the scoring in the current report was at least confirmed consistent with some objective biological factors reflecting the systemic condition caused by the earliest organ developmental risks during preterm. On the while, MRI brain metric markers just before Fig. 5 . The multiple diagnostic variables collected for this retrospective trial, 'crossdomain interplay' to approach extrapolation of infants' neurological development. The chronological data set analyzed for multivariate correlation was recorded at three corrected gestational age-stages, 35 ± 3 (average ± standard deviation) weeks on admission and 39 ± 2 weeks before discharge with enquiry of neurological development at an outpatient visit around a half to 1-year-old. Normal and italic letters are symbolized as objective and subjective variables, respectively. leaving like 'Brain DV diagonal' were closely correlated with the delayed neurological development, suggesting the importance of MRI examination as sensitive and specific criteria to diagnose the neurological development. In this study, we just measured the metric change with the largest axial section and the midsagittal section. Even though, we found the correlation of premotor and prefrontal area volumes (DV diagonal, PFC, and Brain AP) with the delayed neurological development. It is noteworthy that earlier emergence of Roll Over development weakly correlated with Brain L-laterality (Fig. 3c) and is more strongly correlated with other MRI metrics than that of Head Control. This may be related to the observation that Roll Over is not primitive reflex, but emerges at the developmental stage suppressing the primitive reflex and that the weaker suppression of the primitive reflex on Roll Over has been concerned for developmental disorders like autistic spectrum disorders [27] . Obviously a more intensive MRI measure remains to be done including resting state functional connectivity analysis (fcMRI) [28, [38] [39] [40] [41] . The correlation of high white blood cell (WBC) at the admission with the delayed neurological development may be relevant to understand the volumetric change as a consequence of neuro-immune system interaction [29] , where neuro-inflammation [30, 31] and disregulated microglia [32, 33] may cause the expansion of cerebral ventricle and low dendritic and synaptic pruning [34] [35] [36] .
In this report, we added another hematologic factor, Umbilical arterial pH as most early marker to diagnose the later development although the number of infants decreased ( Fig. 3c and d) . The low pH highly correlated with the delay of Roll Over, but weakly with Head Control. Furthermore, the high pH correlated with the brain left laterality, suggesting the coordination of the left and right hemisphere [37, 38] that supported by animal data [42] [43] [44] , may be important for the development of motor learning though the sample size was small (n = 18). We need more detailed and quantitative analysis of neurological development from preterm, full-term birth, Head Control stage to Roll Over stage and the fine correlation analysis with MRI and fcMRI using larger sample size.
From the standpoint of clinical support of the infants after their NICU leaving, we tried using a general classification of all the infants' correlation data between ANN and ANA groups ( Fig. 3b  and d) . The distributions of two groups were positioned consistently in the statistical space constituted by PCA. The neurological maturation, however, is a multi-stage course through infant until adolescent [37] [38] [39] [45] [46] [47] [48] . Therefore, it is required to conduct a longitudinal study including genetic, hematological, quantitative neurological observations, and brain imaging from fetal and early infant stages [1] [2] [3] 37, 40, 45] .
Conclusion
We described the retrospective trial of cross-domain interplay approach over age and multiple diagnostic data acquired in NICU to seek correlated factors to the following neurological and behavioral development in the limited number of heterogeneous infant patients group. In the trial, we could visualize the multivariate correlation with multiple objective data including information of hematology, MRI brain anatomy, age and neonatology, leading to understand complex neurobiological systems and to support translating the crucial, but not reproducible, subjective clinical diagnosis by the objective complex correlation.
